Abstract: Ciguatera Fish Poisoning (CFP) is increasing across the Pacific and the distribution of the causative dinoflagellates appears to be expanding. Subtle differences in thecal plate morphology are used to distinguish dinoflagellate species, which are difficult to determine using light microscopy. For these reasons we sought to develop a Quantitative PCR assay that would detect all species from both Gambierdiscus and Fukuyoa genera in order to rapidly screen environmental samples for potentially toxic species. Additionally, a specific assay for F. paulensis was developed as this species is of concern in New Zealand coastal waters. Using the assays we analyzed 31 samples from three locations around New Zealand and the Kingdom of Tonga. Fourteen samples in total were positive for Gambierdiscus/Fukuyoa and two samples were also positive using the F. paulensis assay. Samples from the Kermadec Islands were further characterized using high-throughput sequencing metabarcoding. The majority of reads corresponded to Gambierdiscus species with three species identified at all sites (G. australes, G. honu and G. polynesiensis). This is the first confirmed identification of G. polynesiensis, a known ciguatoxin producer, in New Zealand waters. Other known toxin-producing genera were also detected, included Alexandrium, Amphidinium, Azadinium, Dinophysis, Ostreopsis, and Prorocentrum.
Introduction
The genera Gambierdiscus Adachi and Fukuyo and Fukuyoa Gómez, Qiu, Lopes and Lin are marine benthic dinoflagellates that are widely distributed from tropical to warm-temperate environments [1, 2] . Species in these genera are known to produce the potent neurotoxins ciguatoxin (CTX), and maitotoxin (MTX). CTXs, and potentially MTXs and MTX analogues [3] [4] [5] , accumulate through the food web via uptake by herbivorous fishes and transfer to carnivorous fishes [1] . CFP is associated with human illnesses and even deaths in the Pacific region [6] . Advances in the use of molecular techniques have emphasized the difficulties associated with using morphological characters for the identification of Gambierdiscus species and the closely related Fukuyoa species. Subtle differences in thecal plate morphology are used to distinguish species which are difficult to view without scanning electron microscopy. This has hindered accurate determination of risk associated with potentially toxic taxa. single qPCR assay for the rapid detection of all species from both genera. Once environmental samples have been screened using the QPCR assay, the Gambierdiscus and Fukuyoa community can be further characterized using various molecular tools including species-specific QPCR and HTS metabarcoding.
We also designed a specific QPCR assay for F. paulensis as this species is present in New Zealand waters [36] . The QPCR assays designed in this study (Table 1) reliably amplified only the target genera (Gambierdiscus and Fukuyoa) and species (F. paulensis), as determined via cross-reactivity testing with strains listed in Table 2 . We were not able to obtain genomic DNA for all known species from the Gambierdiscus and Fukuyoa genera so were unable to comprehensively assess the assay against all described species. However, in silico analyses, using available DNA sequence data for missing species showed the assays are likely to amplify only the specific target genera/species ( Figure S1 ). Both assays had a linear range of detection of six orders of magnitude. The limit of detection was similar for the various species and ranged from approximately 800 cells to well below one cell per reaction ( Figure 1 ). The amplification efficiency of both assays was high when using extracts from cultures of various species as template target (Gambierdiscus/Fukuyoa assay range: 98-108%; Fukuyoa paulensis assay: 107%; Figure 1 ). Table 1 . Sequences of primers used in this study.
Target

Sequence Gene Region Product Size Type
Gambierdiscus/Fukuyoa
Fukuyoa paulensis FP128-F  5 -AAAGTGGGAAAAGGGTGG-3  ITS  128 bp  QPCR  FP253-R  5 -TGTCACCGCACCAAAATC-3   Dinoflagellates   D1R  5 -ACCCGCTGAATTTAAGCATA-3  D1-D2 LSU  365 bp  HTS Metabarcoding  305R  5 -TTTAAYTCTCTTTYCAAAGTCC-3   Dinoflagellates   SSU556F  5 -CGCGGTAATTCCAGCTYC-3  V4 SSU  346 bp  HTS Metabarcoding  SSU911R 5 -ATYCAAGAATTTCACCTCTGAC-3 CAWD239 Using the Gambierdiscus and Fukuyoa assay we analyzed 31 samples from three locations: Northland, New Zealand (7 samples), Kermadec Islands, New Zealand Territory (6 samples), and Tonga (18 samples). Samples were initially analyzed using the Gambierdiscus/Fukuyoa QPCR assay ( Figure 2 ; Table S1 ). Fourteen samples in total were positive; two from Northland, all six samples from the Kermadec Islands and six samples from Tonga ( Figure 2 , Table S1 ). Positive samples were further analyzed using the F. paulensis assay. Of these 14 samples, only the two samples from Northland were also positive using the F. paulensis assay (Figure 2 , Table S1 ). Concentrations of F. paulensis in Te Uenga Bay were low (<1 cell per PCR assay; Figure 2 , Table S1 ). Replicate samples from these sites have previously been analyzed using HTS metabarcoding and F. paulensis was also detected in samples from Te Uenga Bay using this method [29] . Morphological surveys have also identified this species in Northland at low cell densities [36] . Using the Gambierdiscus and Fukuyoa assay we analyzed 31 samples from three locations: Northland, New Zealand (7 samples), Kermadec Islands, New Zealand Territory (6 samples), and Tonga (18 samples). Samples were initially analyzed using the Gambierdiscus/Fukuyoa QPCR assay ( Figure 2 ; Table S1 ). Fourteen samples in total were positive; two from Northland, all six samples from the Kermadec Islands and six samples from Tonga ( Figure 2 , Table S1 ). Positive samples were further analyzed using the F. paulensis assay. Of these 14 samples, only the two samples from Northland were also positive using the F. paulensis assay (Figure 2 , Table S1 ). Concentrations of F. paulensis in Te Uenga Bay were low (<1 cell per PCR assay; Figure 2 , Table S1 ). Replicate samples from these sites have previously been analyzed using HTS metabarcoding and F. paulensis was also detected in samples from Te Uenga Bay using this method [29] . Morphological surveys have also identified this species in Northland at low cell densities [36] . Samples from North Meyer Island were collected in November 2015 during an expedition to the Kermadec Islands [28] . North Meyer Island is about 2 km north east of Rangitahua (Raoul Island), Kermadec Islands. The samples from North Meyer Island were positive for Gambierdiscus/Fukuyoa species but not F. paulensis. In order to fully characterize the Gambierdiscus/Fukuyoa present in the samples HTS metabarcoding was employed. DNA extracts from five of the sites were of sufficient quality and quantity for HTS metabarcoding. Sequencing targeting the LSU D1-D2 region generated between 8693 and 13,210 Dinophyceae reads per sample after quality filtering, size trimming, and chimera detection (Table S2 ). The dinoflagellate species identified at each site was similar. Site 6 had the lowest number of species (17) while the other four sites had 19-21 species identified. The majority of the reads corresponded to Gambierdiscus species ( Figure 3A ) with three species identified at all sites (G. australes, G. honu and G. polynesiensis; Table S2, Figure 4 ). G. australes was the dominant species, representing over 89% of reads identified at each site. The newly described G. honu represented less than 1% of all reads and G. polynesiensis represented less than 5% of all reads. G. polynesiensis is known to produce CTX, and G. australes and G. honu produce MTX-1/MTX-3 and Figure 2 . Map of samples sites in New Zealand and the Kingdom of Tonga that were analyzed using the QPCR assays and HTS metabarcoding. Black circles indicate samples that were negative for both QPCR assays, red circles indicate samples that were positive for the Gambierdiscus/Fukuyoa genus QPCR assay, and blue circles indicate samples that were positive for the Fukuyoa paulensis.
Samples from North Meyer Island were collected in November 2015 during an expedition to the Kermadec Islands [28] . North Meyer Island is about 2 km north east of Rangitahua (Raoul Island), Kermadec Islands. The samples from North Meyer Island were positive for Gambierdiscus/Fukuyoa species but not F. paulensis. In order to fully characterize the Gambierdiscus/Fukuyoa present in the samples HTS metabarcoding was employed. DNA extracts from five of the sites were of sufficient quality and quantity for HTS metabarcoding. Sequencing targeting the LSU D1-D2 region generated between 8693 and 13,210 Dinophyceae reads per sample after quality filtering, size trimming, and chimera detection (Table S2 ). The dinoflagellate species identified at each site was similar. Site 6 had the lowest number of species (17) while the other four sites had 19-21 species identified. The majority of the reads corresponded to Gambierdiscus species ( Figure 3A ) with three species identified at all sites (G. australes, G. honu and G. polynesiensis; Table S2, Figure 4 ). G. australes was the dominant species, representing over 89% of reads identified at each site. The newly described G. honu represented less than 1% of all reads and G. polynesiensis represented less than 5% of all reads. G. polynesiensis is known to produce CTX, and G. australes and G. honu produce MTX-1/MTX-3 and MTX-3 respectively [28] . Other known toxin-producing genera detected included Alexandrium, Amphidinium, Azadinium, Dinophysis, Ostreopsis, and Prorocentrum, although sequence reads for these taxa were low ( Figures 3A,B and 4 , Table S2 ). Morphological analyses from samples collected during the same survey (albeit not true replicate samples) identified the dinoflagellate species: G. australes, G. honu, Amphidinium carterae, Coolia malayensis, Prorocentrum hoffmannianum, and Ostreopsis sp. 3 [28] . Cells were also tentatively identified as G. polynesiensis but did not survive culturing. The HTS metabarcoding analyses also detected these same species with the exceptions of Amphidinium carterae and Coolia malayensis, indicating that these species may have a patchy distribution in the area. Morphological analyses also confirmed that Gambierdiscus cells were present [28] . Previously isolated strains of Ostreopsis sp. 3 from the Kermadec Islands (isolate CAWD221) [40] and the Cook Islands (isolate CAWD184) [41] produce low concentrations of palytoxin-like compounds, however the isolate from North Meyer Island (isolate CAWD241) is non-toxic [28] . Planktonic dinoflagellates were also detected in the metabarcoding analyses, including known toxic genera Alexandrium and Azadinium, presumably present as cysts in the benthos. The symbiotic dinoflagellate, Symbiodinium, was also present. In order to confirm the identification of the Gambierdiscus species, in particular G. polynesiensis as this species has not been detected in New Zealand water previously, we also sequenced amplicons from the SSU V4 region. The consensus sequences from all reads classified as Gambierdiscus species were aligned with reference sequences. The identification of G. polynesiensis, G. honu and G. australes was supported by the phylogenetic analyses ( Figure 5 ). The consensus sequence from the G. polynesiensis reads clustered within other sequences from G. polynesiensis strains, confirming the presence of this species in the samples from the Kermadec Islands ( Figure 5) . Overall, the genera identified using metabarcoding were similar to previous analyses using metabarcoding in Northland, New Zealand with the exception of Gambierdiscus spp. being the dominant taxa in the Kermadec Islands. In Northland, samples were dominated by Ostreopsis cf. siamensis, and Fukuyoa paulensis was present at low concentrations [29] . [28] . Planktonic dinoflagellates were also detected in the metabarcoding analyses, including known toxic genera Alexandrium and Azadinium, presumably present as cysts in the benthos. The symbiotic dinoflagellate, Symbiodinium, was also present. In order to confirm the identification of the Gambierdiscus species, in particular G. polynesiensis as this species has not been detected in New Zealand water previously, we also sequenced amplicons from the SSU V4 region. The consensus sequences from all reads classified as Gambierdiscus species were aligned with reference sequences. The identification of G. polynesiensis, G. honu and G. australes was supported by the phylogenetic analyses ( Figure 5 ). The consensus sequence from the G. polynesiensis reads clustered within other sequences from G. polynesiensis strains, confirming the presence of this species in the samples from the Kermadec Islands ( Figure 5 ). Overall, the genera identified using metabarcoding were similar to previous analyses using metabarcoding in Northland, New Zealand with the exception of Gambierdiscus spp. being the dominant taxa in the Kermadec Islands. In Northland, samples were dominated by Ostreopsis cf. siamensis, and Fukuyoa paulensis was present at low concentrations [29] . Phylogenetic analyses showed that all taxa classifications using the custom dinoflagellate sequence databases were correct (Figures 4 and 5 ). Some species groups were able to be well resolved using the short sequences (approximately 450 bp) such as Gambierdiscus spp., Ostreopsis spp., and Amphidinium spp. (Figure 4) . While other groups could not be successfully resolved, for example, Azadinium spp. were split and did not cluster all together, and Symbiodinium spp./Lepidodinium spp. were not able to be differentiated at the species level (Figure 4) . Although, the short sequences used to generate the phylogeny were not able to resolve some phylogenetic relationships, the resulting tree did confirm all species designations to be correct. Several classifications could not be identified to the species level (e.g., Alexandrium sp., Prorocentrum sp., and Dinophysis sp.) either because they represent undescribed species or species that are not present in GenBank database. Phylogenetic analyses showed that all taxa classifications using the custom dinoflagellate sequence databases were correct (Figures 4 and 5 ). Some species groups were able to be well resolved using the short sequences (approximately 450 bp) such as Gambierdiscus spp., Ostreopsis spp., and Amphidinium spp. (Figure 4) . While other groups could not be successfully resolved, for example, Azadinium spp. were split and did not cluster all together, and Symbiodinium spp./Lepidodinium spp. were not able to be differentiated at the species level (Figure 4) . Although, the short sequences used to generate the phylogeny were not able to resolve some phylogenetic relationships, the resulting tree did confirm all species designations to be correct. Several classifications could not be identified to the species level (e.g., Alexandrium sp., Prorocentrum sp., and Dinophysis sp.) either because they represent undescribed species or species that are not present in GenBank database. Gambierdiscus/Fukuyoa species were detected in six of the eighteen samples collected from Tonga. Unfortunately, these samples were not able to be fully characterized using HTS metabarcoding as DNA quantity was low. Rates of CFP have increased in Tonga over the last four decades [35] but little is known about the diversity, abundance or toxicity of benthic dinoflagellate species in this region. Further surveys of the Gambierdiscus/Fukuyoa communities in Tonga, including morphological and molecular descriptions, are currently being undertaken (P. Argyle, unpubl. data).
Materials and Methods
The target positions for forward and reverse primers were designed using multiple alignments of the large subunit ribosomal RNA (LSU) and the ribosomal internal transcribed spacer (ITS) region (ClustalW) [42] for the Gambierdiscus/Fukuyoa genus and Fukuyoa paulensis assays respectively. Sequences from Gambierdiscus and Fukuyoa species, and other Gonyaulacales dinoflagellates obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The specificity of the primer sequences was then confirmed using BLAST (Basic Local Alignment Search Tool) at NCBI (National Centre for Biotechnology Information). The assay was optimized on a Rotor-Gene 6000 (Corbett, Gambierdiscus/Fukuyoa species were detected in six of the eighteen samples collected from Tonga. Unfortunately, these samples were not able to be fully characterized using HTS metabarcoding as DNA quantity was low. Rates of CFP have increased in Tonga over the last four decades [35] but little is known about the diversity, abundance or toxicity of benthic dinoflagellate species in this region. Further surveys of the Gambierdiscus/Fukuyoa communities in Tonga, including morphological and molecular descriptions, are currently being undertaken (P. Argyle, unpubl. data).
The target positions for forward and reverse primers were designed using multiple alignments of the large subunit ribosomal RNA (LSU) and the ribosomal internal transcribed spacer (ITS) region (ClustalW) [42] for the Gambierdiscus/Fukuyoa genus and Fukuyoa paulensis assays respectively. Sequences from Gambierdiscus and Fukuyoa species, and other Gonyaulacales dinoflagellates obtained from GenBank (http://www.ncbi.nlm.nih.gov/genbank/). The specificity of the primer sequences was then confirmed using BLAST (Basic Local Alignment Search Tool) at NCBI (National Centre for Biotechnology Information). The assay was optimized on a Rotor-Gene 6000 (Corbett, Sydney, NSW, Australia), using genomic DNA extracted from an exponentially growing culture of F. paulensis (strain CAWD210) isolated from Northland, New Zealand [36] . Genomic DNA was extracted using PowerSoil ® DNA isolation kits (Mo Bio, Carlsbad, CA, USA) following the manufacturer's instructions. The optimized assays consisted of a 20 µL reaction containing 10 µL of Platinum ® SYBR ® Green QPCR SuperMix-UDG (Invitrogen, Carlsbad, CA, USA), 1 µM of each primer, 0.8 µg non-acetylated bovine serum albumin (BSA; Sigma-Aldrich, Auckland, New Zealand), and 10 ng of DNA template. Primer sequences for each assay are shown in Table 1 .
All PCR reactions in this study were set up manually and all included both positive and no template control reactions. Positive controls were 10 ng of DNA from an extract of an F. paulensis (strain CAWD210) culture and no template controls contained 2 µL of sterile water as a substitute for DNA template. Assays were run in clear 0.2 mL thin-wall PCR tubes (Axygen, Union City, CA, USA). PCR cycling conditions were: 50 • C for 2 min, 95 • C for 2 min and 30 cycles of 95 • C for 15 s and 62 • C for 60 s. The specificity of the assays was verified using DNA from various Gambierdiscus and Fukuyoa species, and other related species (Table 2) . DNA from each species (10 ng) was used in the QPCR assays as described above. The amplification efficiency of the assay was determined by using 10-fold serially-diluted DNA extracts from various available cultures of Gambierdiscus and Fukuyoa with known cell concentration. The amplification efficiency was calculated from the slopes of the regression curve derived from the standard curve. Three separate DNA extracts were analyzed in triplicate and ranged from approximately 800 to 0.004 cells per reaction.
Environmental samples were collected from the Bay of Islands, Northland, New Zealand (see Smith et al. for more information on sampling locations [29] ), North Meyer Island, Kermadec Islands, New Zealand (see Rhodes et al. for more information on sampling locations [28] ), and Tongatapu, Kingdom of Tonga (Figures 1 and 2 , Table S1 ). To target benthic-epiphytic dinoflagellates, dominant macro-algal species at each site were collected. Approximately 500 g of mixed, submerged macro-algal species was pooled in clean plastic bags with 500 mL of ambient seawater. Bags were gently shaken to dislodge dinoflagellates and subsamples (500 mL) were then collected in containers and left to settle for eight hours, after which the supernatant was carefully decanted. Preservation solution for nucleic acids [43] was added (40 mL) to the remaining sediment slurry (approximately 10 mL) and the samples stored at ambient temperature until DNA extraction. Genome DNA was extracted as described above. The DNA samples were then analysed using the Gambierdiscus/Fukuyoa QPCR assay. Reactions were deemed positive if an increase in fluorescence was detected before 30 cycles and the melt temperature of the product was between 83 • C and 88 • C. Positive samples were then analyzed using the Fukuyoa paulensis QPCR assays.
In order to fully characterize the Gambierdiscus species present in the Kermadec Islands duplicate DNA extractions were also amplified using primer pairs targeting the D1-D2 region of the LSU and the V4 region of the SSU for high-throughput sequencing (HTS) metabarcoding [29] . Samples were amplified using primers from Smith et al. (2017) (Table 1) . Samples from Northland were previously analyzed using metabarocoding [29] and the DNA extractions from Tonga were not suitable for metabarcoding. The primers were modified to include Illumina TM overhang adaptors. DNA extracts were sent to New Zealand Genomics Limited (NZGL, Massey Genome Service, Massey University, Palmerston North, New Zealand) for further processing. Samples were normalized to five ng·uL −1 . Libraries were prepared using the Illumina TM two-step PCR amplicon library preparation method and sequenced using an Illumina TM MiSeq sequencer with 2X 250 base paired-end reads. All data generated was quality checked by NZGL using the following processes; FastQC, FastQscreen, and SolexaQA [44] . Further analyses were carried out in Mothur v1.37.6 [45] as described previously [29] . Bayesian analyses were carried out in Geneious ® using MrBayes 3.1.2 [46] . The evolutionary model (general time reversible with gamma-shaped among-site variation, GTR+G) was selected using MrModeltest v 2.2 [47] . The consensus sequences from all reads of each taxonomic assignment were aligned with references sequences. Analyses of alignments were carried out in two simultaneous runs with four chains each 2 × 10 6 generations, sampling every 1000 trees, discarding a burn-in period of the first 1000 sampling points. After 2 × 10 6 generations, potential scale reduction factor values were approximately 1.0 and average standard deviation of split frequencies were less than 0.01.
Conclusions
The QPCR assays developed in this study demonstrated high specificity and sensitivity. The assays allowed rapid determination of the presence of Gambierdiscus/Fukuyoa species in environmental samples, enabling select samples to be targeted for further characterization. It is also an advantageous method for monitoring risk at sites where cell concentrations extremely low (e.g., Northland, New Zealand). HTS metabarcoding (targeting the D1-D2 region of the LSU and the V4 region of the SSU) was used to identify all the co-occurring Gambierdiscus species from the Kermadec samples, as well as the full dinoflagellate community. This is the first confirmed identification of G. polynesiensis, a species associated with CFP, in New Zealand waters. In a more recent sampling expedition to the nearby North Meyer Island (part of the Kermadec archipelago) G. polynesiensis cells were isolated and characterized [48] . The presence of this G. polynesiensis in New Zealand warrants further investigation as this species can pose a serious risk to human health via the food chain. HTS metabarcoding shows huge potential for characterizing dinoflagellate communities to species-level resolution but turn-around times and costs are still significant, and currently metabarcoding is not suitable for routine monitoring purposes. However, rapid advances in HTS technologies mean these limitations will reduce in the future. At present, the Gambierdiscus/Fukuyoa genus-level QPCR assay is an extremely useful tool for monitoring programmes and taxonomic surveys worldwide. By screening environmental samples for the presence of these potentially toxic taxa, sites with potential risk can be rapidly identified and prioritized for more in-depth species-level characterization.
Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/8/243/s1, Figure S1 : Alignments (ClustalW; [42] ) of available DNA sequences of Gambierdiscus and Fukuyoa species not able to be directly tested, and primers for both the (A) Gambierdiscus/Fukuyoa and (B) Fukuyoa paulensis QPCR assays. Table S1 : QPCR assay results for field samples collected in New Zealand and the Kingdom of Tonga. NT, not tested. Table S2 : Average read number and classification levels at 98% identity for the LSU gene region from each sampling site from North Meyer Island, Kermadec Islands, New Zealand.
